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ABSTRACT:
Trichloroethylene (TCE) and other halogenated alkenes are known environmental contaminants with cytotoxic and nephrotoxic effects, and potential carcinogens. Their metabolism via the mercapturate metabolic pathway was shown to lead to their detoxification. The final products of this pathway, mercapturic acids or N-acetyl-L-cysteine S-conjugates are secreted into the lumen in the renal proximal tubule. The proximal tubule may also deacetylate mercapturic acids, and the resulting cysteine S-conjugates are transformed by cysteine S-conjugate β-lyases to nephrotoxic reactive thiols. The specificity and rate of mercapturic acid deacetylation may determine the toxicity of certain mercapturic acids, however the exact enzymologic processes involved are not known in detail. In the present study we characterized the kinetics of the recently cloned mouse aminoacylase III (AAIII) towards a wide spectrum of halogenated mercapturic acids and N-acetylated amino acids. In general, the V max value of AAIII was significantly larger with chlorinated and brominated mercapturic acids whereas fluorination significantly decreased it. The enzyme deacetylated mercapturic acids derived from the TCE metabolism including N-acetyl-S-(1,2-dichlorovinyl)-L-cysteine (NA-1,2-DCVC) and N-acetyl-S-(2,2-dichlorovinyl)-L-cysteine (NA-2,2-DCVC). Both mercapturic acids induced cytotoxicity in mouse proximal tubule mPCT cells expressing AAIII, which was decreased by an inhibitor of β -lyase, aminooxyacetate. The toxic effect of NA-2,2-DCVC was smaller than NA-1,2-DCVC indicating that factors other than the intracellular activity of AAIII mediate the cytotoxicity of these mercapturic acids. Our results indicate that in proximal tubule cells AAIII plays an important role in deacetylating several halogenated mercapturic acids and this process may be involved in their cyto-and nephrotoxicity.
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INTRODUCTION
Trichloroethylene (TCE) and other industrial solvents are shown to cause nephrotoxicity and hepatotoxicity, and are probable human carcinogens (Maltoni et al., 1988; Cummings and Lash, 2000) . One of the TCE toxicity mechanisms involves the conjugation with glutathione, which are transformed by γ-glutamyltransferase and dipeptidase to cysteine S-conjugates Berrnauer et al., 1996; Anders and Dekant, 1998) . The formation of cysteine S-conjugates takes place mainly in liver and at some extent also in kidney. Cysteine S-conjugates may be acetylated in the liver and kidney into corresponding N-acetyl S-conjugates (mercapturic acids) and transported from the liver into the kidney. In the kidney proximal tubules mercapturic acids may be secreted or deacetylated by aminoacylases into cysteine S-conjugates Dekant, 1994, 1998) . The deacetylation reaction may play an important role in the renal nephrotoxicity since cysteine S-conjugates but not mercapturates are transformed by cysteine conjugate β-lyases into toxic metabolites (Hayden and Stevens, 1990; Commandeur et al., 1995) . Cysteine S-conjugates may be also transformed by flavoproteine monooxigenases (FMO) or cytochrome P450 into sulfoxides (Anders and Dekant, 1998; Lash et al., 2003) . The FMO-dependent bioactivation of the cysteine conjugate of TCE, S-(1,2-dichlorovinyl)-L-cysteine (1,2-DCVC), was shown to be involved in the toxicity of TCE in rodent and human proximal tubule cells (Lash et al., 2001 (Lash et al., , 2003 .
Several aminoacylases have been described including aminoacylase I (AAI; EC 3.5.1.14, Nacylamino acid hydrolase), aminoacylase II (AAII or aspartoacylase; EC 3.5. acids). AAI has been purified from mammalian kidney and liver Giardina et al., 1997) and subsequently cloned (Jacob et al, 1992; Mitta et al., 1992; Giardina et al., 2000) . AAI is a metalloenzyme, which belongs to Acy1/M20 family. It contains one Zn 2+ per monomer of molecular mass ~43 kDa. AAI isolated from different sources was shown to be a homodimer (Kördel and Schneider, 1977; Lindner et al., 2003 Lindner et al., , 2005 . AAI was shown to (Kördel and Schneider, 1976, 1977; Heese et al., 1988; Giardina et al., 1997; Uttamsingh et al., 1998; Uttamsigh and Anders, 1999) . It was not discovered whether AAI deacetylates the TCE derived mercapturates.
The name AAIII was originally given to an enzyme(s) deacetylating N-acetyl aromatic amino acids . Few partially purified aminoacylases were described with the substrate specificity resembling AAIII. A partially purified aminoacylase from rat kidney deacetylated N-acetyl aromatic amino acids, and N-acetyl-S-(2,2-dibromo-1,1-difluoroethyl)-Lcysteine, N-acetyl-S-(1,2,3,4,4-pentaclorobutadienyl)-L-cysteine, NA-1,2-DCVC, and N-acetyl-S-benzyl-L-cysteine (Uttamsingh and Anders, 1999) . The molecular mass of this enzyme was ~55 kDa (Endo, 1978; Uttamsingh and Anders, 1999) whereas similar enzyme from rat liver was a ~145 kDa protein (Suzuki and Tateishi, 1981) . The molecular nature of AAIII was not completely characterized until the recent cloning of mouse AAIII (Pushkin et al., 2004) . The molecular mass of mouse AAIII expressed in HEK293T cells was ~140 kDa and the enzyme was shown to be homotetramer (Pushkin et al., 2004) . It is not known whether rat kidney AAIII is dimer, and whether the AAIII dimer and AAIII tetramer kinetics are different.
This article has not been copyedited and formatted. The final version may differ from this version. Whether AAIII deacetylates same substrates with AAI is currently unknown. Given its potential role in mediating the nephrotoxicity of certain mercapturates, and in the deacetylation of Nacetyl S-aromatic amino acids, the present study was performed to characterize the substrate specificity of AAIII in more detail. AAIII was shown in this work to deacetylate two mercapturic acids derived from the metabolism of TCE, NA-1,2-DCVC and N-acetyl-S-(2,2-dichlorovinyl)-L-cysteine (NA-2,2-DCVC). NA-1,2-DCVC and to a lesser extent NA-2,2-DCVC were significantly more toxic for mouse proximal tubule mPCT cells expressing AAIII in comparison with the control untransfected cells. The results indicate that AAIII deacetylates several halogenated mercapturic acids and this process is apparently involved in mediating their cytotoxicity.
This article has not been copyedited and formatted. The final version may differ from this version. Since AAIII is oligomer and its oligomeric structure may affect the enzyme kinetics, we evaluated the oligomeric structure of the purified murine AAIII. PAGE in non-denaturing conditions detected one major and one minor band (Fig. 1A) both reacting with the mouse AAIII specific MR-C1 antibody on Western blotting. Size exclusion chromatography also identified two peaks corresponding to ~75 and ~135 kDa proteins (Fig. 1B) . The results of the SDS-PAGE of the cross-linked proteins in these fractions (Fig. 1B ) and transmission electron microscopy ( Fig. 1C) confirmed the results of size-exclusion chromatography and suggested that the purified murine AAIII is predominantly tetramer with small amount of dimers. The tetramers were separated from the dimers using size-exclusion chromatography.
This article has not been copyedited and formatted. The final version may differ from this version. for Western blotting. The mouse AAIII specific antibody MR-C1 and penta-His-specific antibody (Qiagen) were used at dilutions 1:2,000 and 1:5,000 respectively. Secondary horseradish peroxidase-conjugated species-specific antibodies (Jackson Immunoresearch, West
Grove, PA) were used at a dilution 1:20,000. Protein bands were visualized using an ECL kit and Hyperfilm ECL (GE Healthcare).
Size-exclusion chromatography. The separation of the AAIII tetramers from the AAIII dimers was performed on a 1 x 100 cm Sephacryl S-200 column (GE Healthcare) in PBS. The column was calibrated with carbonic anhydrase (30 kDa), ovalbumin (43 kDa), bovine serum albumin (67 kDa), lactate dehydrogenase (140 kDa), and catalase (232 kDa) (all from GE Healthcare).
The major peak of 135±10 kDa and a minor peak of 75±10 kDa were detected (Fig. 1B) corresponding to the tetramer and dimer fractions (Pushkin et al., 2004) . Freshly purified AAIII tetramer fractions not contaminated with AAIII dimers ( was negatively stained with 1% uranyl acetate using a droplet technique (Fig. 1C) . A Bioscan 600W digital camera (Gatan, Pleasanton, CA) was used to record the images.
AAIII assay. AAIII activity was determined with different N-acetylated amino acids and mercapturic acids by measuring the amount of a deacetylated product in a fluorescence assay (Udenfriend et al., 1972) . The reaction mixture in total volume 0.1 mL contained 50 mM Naphosphate buffer, pH 7.5, a substrate and the enzyme. After incubation at 37 o C for 30 min, the reaction was stopped by adding trichloroacetic acid to a final concentration 5%, the mixture was centrifuged at 12,000 g for 5 min, and 0.9 mL of 50 mM Na-phosphate was added to the supernatant. After adding 75 µL of fluorescamine (Sigma) The pH effect on mouse AAIII was studied using 2 mM substrate concentration. The effect of p-
and metal ions on the activity of AAIII was studied with 2 mM N-acetyl-S-benzyl-L-cysteine.
Incubations were performed at 37 o C for 30 min. The effect of temperature on the activity of AAIII was studied with 2 mM N-acetyl-S-benzyl-L-cysteine; incubation time was 30 min.
The K m and V max were calculated by fitting the data to the Michaelis-Menten equation using
GraphPad Prism software (GraphPad Software, San Diego, CA) or EZ-Fit software (Perella Scientific, Amherst, NH).
This article has not been copyedited and formatted. The final version may differ from this version. Synthesis of mercapturic acids.
, and N-acetyl-S-(4-methoxybenzyl)-L-cysteine were synthesized and characterized as described before Werner et al., 1997; Scholz et al., 2005) .
-acetyl-L-lysine were purchased from Sigma.
Cytotoxicity measurements. Cytotoxicity measurements were performed using mPCT cells derived from mouse proximal tubule cells (Gross et al., 2001) . The extracts from mPCT cells did not deacetylate NA-1,2-DCVC and NA-2,2-DCVC (data not shown) and therefore these cells were used in our experiments to study the effect of the expression of mouse AAIII on the cytotoxicity of NA-1,2-DCVC and NA-2,2-DCVC. To express AAIII in mPCT cells, the coding sequence of mouse AAIII was inserted into the multiple cloning site of a pcDNA3. 
RESULTS
Kinetic characteristics of murine AAIII are summarized in Table 1 Substitution of fluorine at carbon 2 of the S-(2-chloro-1,1,2-trifluoroethyl) group in N-acetyl-S-(2-chloro-1,1,2-trifluoroethyl)-L-cysteine with chlorine significantly increased the V max /K m value mainly because of big raise of V max , which was significantly higher than the increase of K m .
Mouse AAIII used in the present study possessed tetrameric structure (Fig. 1) suggesting potential allosteric interactions that might lead to deviations of substrate saturation curves from the hyperbolic shape. Nevertheless, no deviations from the Michaelis kinetics were detected for mouse AAIII in the present or previous study (Pushkin et al., 2004) .
Mouse AAIII had a pH optimum in 50 mM Na-phosphate buffer with the substrates studied in the present paper in the range of pH~7.5-7.7. The temperature optimum of murine AAIII with the most of used substrates was at ~40 o C.
The activity of the enzyme was not affected by EDTA and in addition, by Zn 2+ , Mg 2+ and Ca
2+
(up to 30 mM) indicating that the murine AAIII mediated catalysis does not require metal ions.
DTT significantly activated ( Fig. 2A ) and pCMB inhibited (Fig. 2B ) murine AAIII indicating that the cysteine residues are important for the enzyme function. There are 8 cysteines in murine AAIII, whereas rat AAIII and human AAIII have 7 and 5 cysteine residues respectively (Fig.   2C ). Four mouse AAIII cysteines (Cys 61 , Cys 125 , Cys 140 and Cys 152 ) are common in all three AAIII (Fig. 2C ) and therefore may be important for the catalysis.
AAIII was shown in this study to deacetylate several mercapturic acids. We hypothesized that the deacetylation of mercapturic acids mediated by AAIII may be involved in their cytotoxicity.
To explore this hypothesis the cytotoxicity of two TCE metabolites, shown in this study to be This article has not been copyedited and formatted. The final version may differ from this version. (Fig. 3A) . In addition, no NA-1,2-DCVC and NA-2,2-DCVC deacetylating activity was detected in the extracts from the untransfected mPCT cells whereas the extracts from the mPCT cells expressing AAIII deacetylated both mercapturic acids (data not shown).
The expression of mouse AAIII, confirmed by Western blotting (Fig. 3A) , significantly increased the toxicity of NA-1,2-DCVC in comparison with the untransfected or mocktransfected mPCT cells (Fig. 3B,C) whereas the better AAIII substrate, NA-2,2-DCVC, was less
toxic. An inhibitor of cysteine S-conjugate β-lyases, aminooxyacetate (AOA, 0.2 mM)
significantly decreased the toxic effects of NA-1,2-DCVC and NA-2,2-DCVC. These data suggested that AAIII mediates deacetylation of the mercapturic acids derived from the metabolism of TCE in the proximal tubule cells and this process is involved in their toxicity.
Absence of a strict correlation between the V max of AAIII for the mercapturic acid and its cytotoxicity indicated that in addition to the AAIII activity, other cellular factors are involved in mediating their cytotoxicity.
DISCUSSION
This paper provides new insights into the substrate specificity of AAIII in comparison with other aminoacylases. Until our work, there was limited data regarding substrates that can be used by AAIII (Pushkin et al., 2004) . Although previous studies have characterized partially purified aminoacylases from rat liver (Suzuki and Tateishi, 1981) and rat kidney (Endo, 1978; Uttamsingh and Anders, 1999) with the substrate specificities similar to AAIII, their potential contamination with other aminoacylases and effectors of AAIII could significantly affect these results.
Mouse AAIII deacetylated N-acetyl-L-tyrosine, N-acetyl-L-phenylalanine, N-acetyl-Ltryptophan and N-acetyl-L-histidine similar to partially purified rat kidney acylase (Endo, 1978) , but contrary to rat kidney acylase did not deacetylate N-acetyl-L-aspartic acid, the substrate of
that the presence of free carboxyl group in a close proximity to amino group is important for the substrate recognition of AAIII. N-Acetyl-L-cysteine, a substrate of purified rat kidney AAI (Uttamsingh et al., 1998) , was not used by mouse AAIII (Pushkin et al., 2004) . N-acetyl-Lmethionine deacetylated by both mouse AAIII (Pushkin et al., 2004) and rat kidney AAI (Uttamsingh et al., 1998) .
Mouse AAIII was shown in the present study to deacetylate several halogenated mercapturic acids, metabolic products of environmental toxicants, including N-acetyl-S-(2,2-dichloro-1,1- chloro-1,1,2-trifluoroethyl)-L-cysteine were also deacetylated by AAI (Uttamsingh et al., 1998) .
The specific activity of AAI was maximal with N-acetyl-S-(1,1,2,2-tetrafluoroethyl)-L-cysteine.
It decreased with the substitution of fluoride for chloride or bromide, suggesting that the increase of molar volume of a mercapturate decreases AAI activity (Uttamsingh et al., 1998) AAIII was shown to deacetylate N-acetylaromatic L-amino acids and N-acetyl-S-benzyl-Lcysteine Uttamsingh and Anders, 1999; Pushkin et al., 2004) . Mouse AAIII had higher affinity to N-acetyl-S-benzyl-L-cysteine than rat kidney acylase (Uttamsingh and Anders, 1999) . In the present paper, we demonstrated that the halogenation of the aromatic ring in N-acetyl-S-benzyl-L-cysteine changed the V max value of mouse AAIII: fluorination significantly decreased V max whereas bromination increased it; chlorination did not have significant effect on V max . Halogenation of several substrates of rat AAI was also shown to This article has not been copyedited and formatted. The final version may differ from this version. increase its specific activity (Uttamsingh et al., 1998) but contrary to AAIII the highest V max was detected with fluoro derivatives and the lowest with bromo derivatives. In the present study we analyzed how single substitution of hydrogen atoms in the aromatic ring of N-acetyl-S-benzyl-Lcysteine for halogen atoms affects the enzyme V max and K m values. The results indicated (Fig. 4) that the substitutions for chloride and bromide groups did not significantly change V max whereas substitutions for fluoride or methoxy groups significantly decreased it. Therefore, similar to Salkyl-N-acetylcysteines, the substitutions of the aromatic ring in N-acetyl-S-benzyl-L-cysteine for fluorine in general decrease V max of AAIII, whereas the substitutions for chlorine and bromine increase V max of AAIII. The effect of substitutions of hydrogen atoms for halogen atoms in the benzyl group of N-acetyl-S-benzyl-L-cysteine on K m of AAIII depends more on the position than the nature of halogen atom (Table 1) .
Mouse AAIII studied in this paper possessed tetrameric structure. Nevertheless no deviations from the Michaelis kinetics were detected in our study with any substrates indicating that there were no allosteric interactions between the monomers of AAIII. The data suggest that either there are no allosteric interactions between the putative AAIII monomer active sites, or AAIII tetramer has single active site. Against the last hypothesis is the detection of a ~55 kDa rat kidney aminoacylase (potentially dimeric) with the specificity similar to AAIII (Endo, 1978; Uttamsingh and Anders, 1998) , and mouse AAIII dimers in the present work. In addition to determination of the enzymatic activity of the purified AAIII dimer, it is also necessary to determine whether single AAIII monomer possesses the enzymatic activity. It should be mentioned that AAI known to form homodimer (Kördel and Schneider, 1976; D'Ambrosio et al., 2003; Lindner et al., 2003) , also demonstrates Michaelis kinetics (Uttamsingh et al., 1998; Lindner et al., 2005) .
This article has not been copyedited and formatted. The final version may differ from this version. The pH optimum of mouse AAIII (~7.5-7.7) is close to the pH optimum of rat liver acylase (Suzuki and Tateishi, 1981) and rat kidney acylase (Endo, 1978) . It is also close the pH optimums of AAII and AAIII . Contrary to AAI and similar to AAII , the AAIII mediated catalysis does not require metal ions.
Activation by DTT and inhibition by pCMB of murine AAIII suggested that cysteine residues are important for the enzyme function. Rat liver acylase with the substrate specificity similar to AAIII was also inhibited by pCMB (Suzuki and Tateishi, 1981) . p-Hydroxymercuribenzoate also inhibited AAII (D'Adamo et al., 1977) , whereas DTT was shown to activate or inhibit AAI isolated from different sources (Matsumoto and Nagai, 1972; ;.
Whether cysteine residues play a structural role or/and they are involved in the AAIII mediated catalysis is required further studies.
Comparison of the substrate specificity of AAIII with AAI and AAII indicates that AAIII and AAI use a broad spectrum of substrates whereas only N-acetyl L-aspartic acid is efficiently used by AAII. Nevertheless, AAIII has much higher sequence homology with AAII but not with AAI (Pushkin et al., 2004) . This may indicate that the catalytic mechanisms mediated by AAIII and AAII are similar whereas the substrate recognition sites are different.
The mercapturic acids studied in this work were in general good substrates of AAIII.
Comparison of two isomers, NA-1,2-DCVC and NA-2,2-DCVC, indicates that the later is a better substrate of murine AAIII (Table 1) . Therefore in cells expressing AAIII, NA-2,2-DCVC is expected to be more toxic than NA-1,2-DCVC if the cytotoxicity is determined by the AAIII mediated deacetylation rate only. Conversely, current data indicate that instead NA-1,2-DCVC is significantly more nephrotoxic than NA-2,2-DCVC and significantly more cytotoxic in proximal tubule cells (Commandeur et al., 1991; Anders and Dekant, 1998) . In our This article has not been copyedited and formatted. The final version may differ from this version. experiments, in which contrary to previous studies AAIII was endogenously expressed in mouse proximal tubule mPCT cells, NA-1,2-DCVC was more toxic at high dose (0.75 mM) than NA-2,2-DCVC. The toxic effect was significantly inhibited by AOA suggesting that the toxicity of these mercapturic acids is mediated by β-lyase. The higher cytotoxicity of NA-1,2-DCVC than NA-2,2-DCVC in our experiments suggested that mPCT cells have higher N-acetyltransferase activity towards to 2,2-DCVC than 1,2-DCVC that compensated the higher rate of NA-2,2-DCVC deacetylation compared to NA-1,2-DCVC. In agreement with this hypothesis, the activity of N-acetyltransferase in kidney microsomal membranes isolated from Wistar rats was shown to be few times higher with NA-2,2-DCVC than with NA-1,2-DCVC .
Assuming that similar dependence exists in mouse, one can suggest that at constant levels of AAIII and N-acetyltransferase and same mercapturate dose the ratio 2,2-DCVC/NA-2,2-DCVC is significantly smaller than 1,2-DCVC/NA-1,2-DCVC. The cytotoxicity of NA-1,2-DCVC towards isolated rat kidney proximal tubular cells demonstrated a delayed time course as compared to 1,2-DCVC, whereas the time courses of cytotoxicity of NA-2,2-DCVC and 2,2-DCVC were parallel (Commandeur et al., 1991) which is compatible with our data where 2,2-DCVC was shown to be a better substrate of AAIII. In addition, as was suggested before ) the lower nephrotoxicity of NA-2,2-DCVC may be related to the smaller rate of the β-lyase dependent bioactivation of 2,2-DCVC compared to 1,2-DCVC (Commandeur et al., 1991) ..
Rabbit, rat and guinea pigs were shown to deacetylate in vivo several mercapturic acids including N-acetyl-S-benzyl-L-cysteine, N-acetyl-S-butyl-L-cysteine and N-acetyl-S-(2-chloro-4-nitrophenyl)-L-cysteine (Bray and James, 1960) . Rat renal proximal tubular cells deacetylated N- 20 cysteine, N-acetyl-S-(2,2-dichloro-1,1-difluoroethyl)-L-cysteine, and N-acetyl-S-(2,2-dibromo- (Boogaard et al., 1989) . Rat kidney cytosol deacetylated N-acetyl-S-pentachlorobutadienyl-L-cysteine, N-acetyl-trichlorovinyl-L-cysteine and NA-1,2-DCVC (Vamvakas et al., 1987; Pratt and Lock, 1988) . Our data highlight those of the mercapturic acids, for which AAIII plays a key role in deacetylation and suggest that the process is involved in their cytotoxicity.
This article has not been copyedited and formatted. The final version may differ from this version. Fig.1 . Characterization of the purified recombinant murine AAIII.
FIGURE LEGENDS
(A) Non-denaturing PAGE (lanes 1,2) and Western blotting (lanes 3,4) of the His 6 -tagged (lanes 1,3) and un-tagged (lanes 2,4) purified murine AAIII. An anti-mouse AAIII specific rabbit polyclonal antibody MR-C1 was used for Western blotting. Lanes 1 and 2 were stained with Coomassie blue R. Loading: (lanes 1 and 2) ~15 µg, (lanes 3 and 4) ~10 ng.
Size-exclusion chromatography of the purified murine un-tagged AAIII. Fractions containing the first (I) and second (II) peaks were cross-linked with BS 3 , resolved on SDS-PAGE and stained with Coomassie blue R. Lane 1: the first peak, lane 2: the second peak.
Loading: 40 µg (1) and 10 µg (2). Positions of size markers (GE Healthcare) in kDa are shown on the left.
(C)
Electron micrograph of the tetrameric fraction of murine AAIII negatively stained with 1% uranyl acetate. The micrographs revealed predominant protein particles with close to 4-fold rotational symmetry. 
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